Background {#S0001}
==========

Globally, prostate cancer (PCa) represents the second most frequent malignancy among men. The recent epidemiological survey has recorded an increasing trend in the annual incidence (12.6%) and mortality (5.5%) rates in China during the past decade. With population aging and dietary transitions, the disease burden of PCa will continue to increase in China.[@CIT0001],[@CIT0002] Despite significant research efforts, the pathogenesis of PCa remains poorly understood. Therefore, active investigation on the relevant mechanism of the occurrence and development of PCa still presents significant potential in reducing the PCa-associated morbidity and mortality.

Runt-related transcription factor 3 (*RUNX3*) gene belongs to the RUNX family of a developmental regulator that orchestrates diverse developmental and cellular processes, including proliferation, differentiation, apoptosis, and cell lineage specification.[@CIT0003] In humans, the gene encoding *RUNX3* is located on chromosome 1p36.1. A 4.2 kb cytosine-phosphate-guanine (CpG) island exists near the 5ʹ end promoter of the *RUNX3* with a high GC content of 64%. For this reason, genes with this structure are highly susceptible to be regulated by methylation.[@CIT0004],[@CIT0005] DNA methylation is an epigenetic modification that regulates the gene expression and provides a mechanism for conveying and preserving epigenetic information through DNA replication and cell division. Accumulating studies have indicated that aberrant changes in DNA methylation are amongst the most common molecular alterations associated with tumorigenesis and hypermethylation of the promoter region of various cancer suppressor genes is recognized as one of the most frequent mechanisms for loss of gene function.[@CIT0006],[@CIT0007] Moreover, recent advances in epigenetics have provided an improved understanding of molecular mechanisms underlying carcinogenesis. DNA methylation alterations are highly prevalent in prostate cancer, making them a sustained focus of research, with growing evidence supporting their role in progression.[@CIT0008] Furthermore, the inactivation of the *RUNX3* is also increasingly implicated in the tumorigenesis of various tumors,[@CIT0009] including gastric cancer,[@CIT0010] liver cancer,[@CIT0011] breast cancer,[@CIT0012] colon cancer[@CIT0013] and melanoma.[@CIT0014] The *RUNX3* has two promoters, P1 and P2, and 6 exons. Of these two, the P2 promoter is rich in CpG islands; besides, *RUNX3* expression is also predominantly regulated by P2 promoter. Evidently, studies have reported that hypermethylation of the CpG-island adjacent to P2 promoter is associated with leukemia and cancer could lead to DNA-methylated silencing of *RUNX3* expression.[@CIT0009],[@CIT0014] In PCa, studies have revealed that *RUNX3* was frequently methylated at a frequency of 32.4% in PCa tumor tissues and 14.3% in the prostate intraepithelial neoplasia (PIN) while *RUNX3* methylation was not detected in normal or benign prostate tissues, suggesting that *RUNX3* methylation was closely associated with prostate tumorigenesis.[@CIT0015],[@CIT0016] However, the role and molecular mechanism underlying aberrant methylation of the *RUNX3* in prostate tumorigenesis is rarely reported. Therefore, in this study, we investigated the molecular mechanism by which *RUNX3* expression is affected by gene promoter methylation in PCa cells. Furthermore, this study also provided new insights into the diagnostic strategies for PCa and the epigenetic-based therapeutic approaches for PCa based on *RUNX3*.

Materials and Methods {#S0002}
=====================

Cell Culture and Transfection {#S0002-S2001}
-----------------------------

Human normal prostate epithelial cell line RWPE-1 and prostate cancer cell lines PC3, DU145, 22Rv1 were purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). RWPE-1 cells were cultured in K-SFM special medium (Gbico, Grand Island, NY, USA) supplemented with 2% Bovine Pituitary Extract (BPE) (Invitrogen, CA, USA), 5 mM recombinant epidermal growth factor (rEGF) (Sigma-Aldrich), and 1% penicillin/streptomycin (Invitrogen). While PC3, DU145, and 22Rv1 cells were cultured in RPMI-1640 (Gibco) medium supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin (Sigma). All the cells were maintained at 37°C in a humidified atmosphere of 5% CO~2~. For PC3 and DU145 cells in the logarithmic phase were digested with 0.25% trypsin (Gibco), counted and cells were inoculated into a 6-well plate at a cell density of 2 × 10^5^ cells/well, and incubated overnight at 37°C. Using Lipofectamine 3000 transfection reagent (Invitrogen), the cells were transfected with 50 ng of pcDNA3.1-DMNT3b (DMNT3b), Vector, and 100 nM of si-DMNT3b, si-*RUNX3*, and its negative control (si-NC), respectively. The concentration was determined based on the dose--response experiment. All the plasmids and siRNAs were purchased from Guangzhou Ruibo Biological Co., China. The culture medium was replaced with RPMI-1640 containing 10% FBS following incubation of the transfected cells for 6 h. Then, the cells were cultured at 37°C humidified atmosphere of 5% CO~2~. The cells were used for subsequent experiments after 48 h of transfection.

Bisulfite Detection and Sequencing (BSP) {#S0002-S2002}
----------------------------------------

PC3 and DU145 cells in the logarithmic growth phase were harvested and genomic DNA was extracted using the Cell DNA extraction kit (Beijing TIANGEN Biological Co., China) following the manufacturer's instruction. The purity and concentration of the DNA were measured with a UV spectrophotometer. DNA from all cell lines was subjected to bisulfite conversion using the methylation kit (Zymo Research, Orange, CA, USA) according to the manufacturers' protocols. Then, the bisulfite-treated genomic DNA was amplified with PCR. The amplified PCR was verified using Gel electrophoresis. Subsequently, the PCR product was purified and cloned into a pMD19-T vector, and 10 of the ligated products were transformed into DH5 competent cells. Following transformation, the cells were plated onto X-gal/IPTG- and Amp-coated plates and incubated overnight at 37°C. The three white spot colonies were selected through blue/white colony screening and further inoculated in 2.5 mL of LB liquid medium and incubated overnight at 37°C. Plasmids were extracted using the plasmid extraction kits (TIANGEN) and sequenced in Shanghai Sangon Co., Ltd. The sequences were then analyzed with the UltraEdit Professional Text/Hex Editor.

CCK-8 Proliferation Experiment {#S0002-S2003}
------------------------------

Cell viability was measured using the Cell Counting Kit-8 (CCK-8) assay kit (Sigma). Briefly, PC3 and DU145 cells in the logarithmic growth phase were harvested and transfected with si-RUNX3 and seeded into 96-well plates at a density of 4 × 10^3^ cells/well. Following incubation, 20 μM AZA (Sigma) solution was added to each well for co-culture at 37°C in a humidified atmosphere of 5% CO~2~ for 24 h. The blank control group was treated with an equal volume of RPMI-1640 (Gibco) culture medium; 10 μL of CCK-8 reagent (Sigma) was added to each well at 0 h, 24 h, 48 h, 72 h, and 96 h and incubated for 2 h in a humidified atmosphere incubator. The absorbance (OD ~450~) of each well was detected at 450 nm using an automated microplate reader (VersaMax Microplate Reader; Sunnyvale, CA). Average of 5 duplicate wells was used for each time point to draw the growth curve of the cells.

Clone Formation Assay {#S0002-S2004}
---------------------

PC3 and DU145 cells were transfected with si-*RUNX3* as described above. After 24 h, transfected cells were seeded into a 6-well plate at a density of 1 × 10^3^ cells/well and incubated for 10 days under the conditions as described in section 1.2.1. Subsequently, the cells were treated with 20 μM of AZA (Sigma) solution on the 4th day of cell culture, and the control group was treated with the equal volume of DMSO (Sigma). The AZA or DMSO was replaced every 24 h and the culture medium was changed every third day. At the indicated times, cells were fixed with 3.7% paraformaldehyde and stained with 0.05% crystal violet for 20 min and dried naturally. The cells were photographed and counted under a microscope, and the number of cell clones was calculated.

Cell Apoptosis Experiment {#S0002-S2005}
-------------------------

Apoptotic cell death was measured using a fluorescein isothiocyanate (FITC)-conjugated Annexin V/propidium iodide (PI) assay (BD Bioscience, CA, USA). In brief, AZA-treated PC3 and DU145 were transfected with si-*RUNX3*, and the cells were washed twice with ice-cooled PBS at 4°C. The cell pellet was collected by centrifugation at 300 r/min for 5 min and re-suspended in 195 μL of Annexin V-FITC binding buffer, and the cell density was adjusted to 7 × 10^5^ cells/mL. Subsequently, the cells were stained with Annexin V-FITC (10 mg/mL) and PI (50 mg/mL) staining solution. Following incubation, the cells were washed with PBS twice and collected at a concentration of 1×10^6^ cells/mL. These cells were incubated for 30 min at room temperature (RT) in the dark and then analyzed with an Accuri^TM^ C6 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Cells stained with only annexin V were evaluated as being in early apoptosis; cells stained with both annexin V and PI were evaluated as being in late apoptosis or in a necrotic stage. The experiment was repeated 3 times separately.

Cell Cycle Experiment {#S0002-S2006}
---------------------

The cell cycle profile was determined using PI staining. Briefly, AZA-treated PC3 and DU145 cells were transfected with si-*RUNX3*, washed with ice-cooled PBS, centrifuged at 300 r/min for 5 min and resuspended in PBS. Then, cells were fixed with 70% alcohol in PBS at 4°C. After washing in PBS, cells were treated with PI/RNase staining solution RNase (w/v) at 4°C for 30 min in the dark. The cell cycle distribution was analyzed with flow cytometry (BD Biosciences). The percentages of cells in the G0/G1 phase, S phase, and G2/M phase were determined. The experiment was independently repeated for 3 times.

Methylation-Specific PCR (MSP) {#S0002-S2007}
------------------------------

Previous studies have demonstrated that the DNA-methylation of CpG island in the P2 promoter region is the major pathogenic mechanism of *RUNX3* silencing.[@CIT0005],[@CIT0017] P2 is located around the exon 2 and P1 is located at the beginning of the exon 6 ([Figure 1A](#F0001){ref-type="fig"}). The CpG islands in the P2 promoter region of the RUNX3 were predicted using CpG island prediction software ([[www.urogene.org](http://www.urogene.org)]{.ul}). The genomic DNA modified by bisulfite was amplified by the methylation kit (Zymo) according to the manufacturer's instructions, and the purity and concentration were determined using an ultraviolet spectrophotometer. The DNA was modified with bisulfite using the EpiTect Bisulfite kit according to the manufacturer's instructions, and the methylated and unmethylated *RUNX3* were amplified using the following primers: The sequences of the MSP primers were: *RUNX3* methylation primer upstream: upstream 5ʹ-GGTTGTTTGTTTTTTTTGGTTCG-3ʹ, downstream 5ʹ-ATCCT AAAACTACCCAAAATCGTA-3ʹ; unmethylated primers: *RUNX3* upstream 5ʹ-GG GATGAGGATTAGGATTTT-3ʹ, downstream 5ʹ-CAAACAAAACACAATAAAAACAAACA-3ʹ. The PCR cycling conditions were: pre-denaturation at 94°C (3 min), followed by 35 cycles of denaturation at 94°C (30s), demethylation at 53°C (30s) and extension at 72°C (90s), and final extension at 94°C for 5 min. Generation of an amplified product with either methylated or unmethylated primers, respectively, indicated presence and absence of methylated sequences in the genome. Generation of amplified products with both primer pairs implied partial methylation. The methylation level of *RUNX3* gene was calculated by the ΔΔCt method. The experiment was repeated thrice.Figure 1DNA hypermethylation of the P2 promoter region of Runt-related transcription factor 3 *(RUNX3)* in prostate cancer cells. (**A**) The RUNX3 structure; (**B**) The sites of CpG island in the P2 promoter region of RUNX3; (**C**) The schematic representation of BSP primer designing; (**D**) Bisulfite genomic sequencing of the RUNX3 CpG island was performed in prostate cell lines (RWPE1, PC3, DU145, and 22Rv1) by 3 pairs of BSP primers. Each circle indicates a CpG site and each line of circles represents the analysis of a single cloned allele. ○, unmethylated CpG site; ●, a methylated CpG site; (**E**) Primer 1 was used to detect and analyze the gene methylation levels of RUNX3 in RWPE1, PC3, DU145, and 22Rv1 cells; \*\*\*P \<0.0001.

Real-Time Fluorescence Quantitative PCR (qRT-PCR) {#S0002-S2008}
-------------------------------------------------

Total RNA was extracted using the TRNzol reagent (Invitrogen Life Technologies, CA, USA) following the manufacturer's instructions. The purity and the concentration of RNA were measured by a spectrophotometer. Total RNA was reverse transcribed into cDNA using the reverse transcription reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. qRT-PCR was performed to determine gene expression of target genes using SYBR Green Real-time PCR Kit (Shanghai Solarbio Co., China). The qRT-PCR was performed by initial denaturation at 95 ºC for 10 min, followed by 40 cycles of denaturation at 95 ºC for 7 s, annealing at 60 ºC for 20 s, and annealing at 72°C for 38 s. RT-PCR primers are: *RUNX3*-F: 5ʹ-TGGCAGGCAATGACGA-3 ', *RUNX3*-R: 5ʹ-TGGTTCGGCAAGGGAC-3ʹ; DMNT3b-F: 5ʹ-TCTGGAAAACCTTCCTGCTG-3 ', DMNT3b-R: 5ʹ-CCGGCACATAGGTAAA AGGA-3 '; G-AGAAGGCTGGGGCTCATTTG-3ʹ, GAPDH-R：5ʹ-AGGGGCCATCCACAGTCTTC-3 '. The 2^−ΔΔCT^ method was used to determine relative gene expression, which was normalized to the amount of GAPDH mRNA. All experiments were performed at least in triplicate for each gene. Data are expressed as the mean ± S.E.M.

Western Blot Experiment {#S0002-S2009}
-----------------------

AZA-treated PC3 and DU145 cells were transfected with si-*RUNX3*. The modified cells were washed with ice-cold PBS and then lysed with RIPA cell lysis buffer supplemented with protease inhibitor cocktail. Protein concentrations were quantified using the BCA protein assay kit (Thermo MA, USA). Proteins were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, MA, USA). Subsequently, the membrane was blocked with 5% skim milk in Tris-buffered saline with Tween-20 (TBST); then PVDF membranes were incubated with primary antibodies including *RUNX3* (1:500), Cyclin B1 (1:500), Bax (1:800), Caspase-3 (1:800), Bcl-2 (1:500), p21 (1:500), DNMT3b (1:800), GAPDH (1:1500), respectively, overnight at 4°C (Antibodies to *RUNX3*, Cyclin B1, Bax, Caspase-3, Bcl-2, p21, DNMT3b and GAPDH were purchased from Abcam, CA, USA). Then, the membrane was washed 3 times with TBST solution for 5 min/time, and membranes were incubated with horseradish enzyme-conjugated secondary antibodies (1:5000) for 1 h at RT. The target bands were visualized using the enhanced chemiluminescence (ECL) reagent (GE Healthcare, NJ, USA) and photographed with Gel Imager. And the gray value analysis was performed using the Image J software. Using GAPDH as the internal reference, the ratio of gray value between the target band and internal reference band was regarded as the relative expression of the target proteins. Experiments for each sample were independently repeated three times.

Statistical Analysis {#S0002-S2010}
--------------------

All data were analyzed using Statistical Package for the Social Sciences (SPSS) 19.0 software and GraphPad Prism 5.0. The data were expressed as mean ± standard deviation (X ± S). The comparison between the two groups was performed by the independent sample *t*-test. Comparison between multiple groups was performed by one-way analysis of variance (ANOVA) and post hoc Bonferroni correction was applied for multiple comparisons. The significance test level was α=0.05, P \<0.05 was considered statistically significant.

Results {#S0003}
=======

DNA Hypermethylation of the *RUNX3* Promoter Region in PCa Cells {#S0003-S2001}
----------------------------------------------------------------

Using CpG island prediction software. The results indicated that this region was rich in CG dinucleotide sequences, which could provide a large number of sites for methylation modification of this gene ([Figure 1B](#F0001){ref-type="fig"}). Based on the distribution range of CpG islands in the P2 promoter region of the *RUNX3*, we precisely designed 3 different pairs of methylation-specific primers, and the three pairs of primers amplify three different regions of P2 as reported in the [Figure 1C](#F0001){ref-type="fig"}. Using BSP, we analyzed the DNA methylation status of human normal prostate epithelial cell RWPE-1 and a panel of 3 PCa cell lines PC3, DU145, and 22Rv1. The results indicated that the amplicons of region 1 exhibited high density of CpG sites than those of the two other sets of primers (2 and 3) in four groups of cells, suggesting that this region was the crucial site for methylation in *RUNX3* ([Figure 1D](#F0001){ref-type="fig"}). Compared with the 7.2% methylation rate of RWPE, the methylation level of PCa cells in the amplicons of primer 1 was significantly increased in the three groups, PC3was 52.1%, DU145 was 33.4%, and 22Rv1 was 40.6% ([Figure 1D](#F0001){ref-type="fig"}). The region from −738 to −624 on the P2 promoter of *RUNX3* was determined to be the preferred sites for DNA methylation, we next used the Primer 1 to detect the DNA methylation status of RWPE1, PC3, DU145, and 22Rv1 cells. Similarly, the results also indicated that the P2 promoter region of the *RUNX3* in the panel of 3 PCa cell lines was significantly hypermethylated compared with normal RWPE1 cells ([Figure 1E](#F0001){ref-type="fig"}).

AZA Reverses the Methylation-Mediated Silencing of the *RUNX3* and Promoted the *RUNX3* Expression in PCa Cells {#S0003-S2002}
---------------------------------------------------------------------------------------------------------------

The above experiments indicated that the *RUNX3* in the PCa cell lines PC3, DU145, and 22Rv1 presented a high level of methylation, and therefore, we chose PC3 with relatively higher methylation levels and DU145 with lower methylation levels for subsequent related experiments. The PCA and DU145 cells were continuously treated with different concentrations (5 μM, 10 μM, and 20 μM) of DNA methylation transferase inhibitor AZA for 96 h, while the control group was treated with DMSO. The effect of AZA on the gene and protein expression levels of *RUNX3* was determined using qRT-PCR and Western blot assays. The results demonstrated that AZA could restore the mRNA and protein expression of *RUNX3* in PC3 and DU145 cells in a concentration-dependent manner ([Figure 2A](#F0002){ref-type="fig"}, and B). Based on these findings, we further used BSP to detect the DNA methylation level of *RUNX3* in PC3 and DU145 cells treated with 20 μM AZA for 96 h. It was found that AZA could significantly reverse the aberrant alterations in the DNA methylation of *RUNX3* in PCa cells ([Figure 2C](#F0002){ref-type="fig"}). Taken together, the results indicated that the methylation-mediated silencing of the P2 promoter region of *RUNX3* significantly down-regulated the expression level of this gene in PCa cells; however, treatment of PCa cells with AZA resulted in a significant increase in *RUNX3* mRNA and protein expression levels, suggesting that promoter demethylation by AZA can restore *RUNX3* expression.Figure 25-AZA-2ʹ-deoxycytidine (AZA) demethylated the Runt-related transcription factor 3 *(RUNX3)* promoter region and promoted the *RUNX3* expression in prostate cancer cells. (**A**) AZA promoted the expression of RUNX3 mRNA in PCa cells PC3 and DU145; (**B**) AZA promoted the expression of RUNX3 protein in PCa cells PC3 and DU145; (**C**) AZA demethylated the promoter of RUNX3 in PC3 and DU145; compared with Dimethyl sulfoxide (DMSO) group in PC3 cells, \*P \<0.05, \*\*P \<0.01, \*\*\*P \<0.001; compared with DMSO group in DU145 cells, ^\#^P \<0.05, ^\#\#^P \<0.01, ^\#\#\#^P \<0.001.

AZA Inhibited the Proliferation and Induced Apoptosis of PCa Cells by Promoting the Expression of *RUNX3* {#S0003-S2003}
---------------------------------------------------------------------------------------------------------

In order to further investigate whether treatment with AZA could affect the biological behavior of PCa cells through promoter demethylation of *RUNX3* and elucidate the related mechanism, we first silenced *RUNX3* expression in PC3 and DU145 cells using siRNA. The transfection efficiency was verified by qRT-PCR and Western blot assays. The results indicated that compared with the cells transfected with si-NC, the mRNA and protein expression of *RUNX3* in PC3 and DU145 cells transfected with si-*RUNX3* was significantly down-regulated ([Figure 3A](#F0003){ref-type="fig"}, and B). Using CCK-8 cell proliferation, clone formation, cell cycle, and apoptosis assays, we analyzed the effects of treatment with silencing *RUNX3* and/or AZA on the proliferation, cell cycle, and apoptosis of PCa cells. The results revealed the DNA methylation transferase inhibitor AZA could inhibit the proliferation of PCa cells, increase the ratio of cells in the G0/G1 phase, reduce the ratio of cells in the S phase, and promote cell apoptosis by restoring the expression of *RUNX3* in PC3 and DU145 cells ([Figure 3C](#F0003){ref-type="fig"}--F). At the same time, the expression of cell cycle-related protein, cyclin D1 and p21 and apoptosis-related protein, Bax, Bcl-2, and caspase-3 in cells were determined by Western blot assay. The results demonstrated that AZA could promote the expression of proteins p21, Bax, caspase-3, and reduce the protein expression of Bcl-2 and cyclinD1 ([Figure 3G](#F0003){ref-type="fig"}). Together, these results indicated that the treatment of PCa cells with AZA may inhibit the proliferation of PCa cells by up-regulating the expression of *RUNX3* through inhibition of the cell cycle progression and induction of the intrinsic mechanism of apoptosis.Figure 35-AZA-2ʹ-deoxycytidine (AZA) inhibited the proliferation and induced apoptosis of prostate cancer cells by up-regulating the expression of Runt-related transcription factor 3 *(RUNX3)*. (**A**) The effect of transfection with si-RNA targeting *RUNX3* on the mRNA expression of *RUNX3* in PC3 and DU145 cells as detected by qRT-PCR; (**B**) the effect of the transfection with si-RNA targeting *RUNX3* on the protein expression of *RUNX3* in PC3 and DU145 cells as detected by Western blot assay; (**C**) AZA inhibited the proliferation of PCa cell lines PC3 and DU145; (**D**) AZA inhibited the colony-forming capability of PCa cell lines PC3 and DU145; (**E**) AZA inhibited the cell cycle progression of PCa cell lines PC3 and DU145; (**F**) AZA promoted the apoptosis of PCa cell lines PC3 and DU145; (**G**) Western blot assay revealed that AZA promoted the protein expression of *RUNX3*, Bax, caspase-3, and p21 in PCa cell lines PC3 and DU145, and inhibited the protein expression of Bcl-2 and cyclinB1; compared with si-NC group of PC3 cells, ^a^P \<0.05; compared with the si-NC group of DU145 cells, ^b^P \<0.05; compared with Dimethyl sulfoxide (DMSO) + si-NC group PC3 cells, \*P \<0.05; compared with AZA + si-NC group PC3 cells, ^c^P \<0.05; compared with DMSO + si-NC group DU145 cells, ^\#^P \<0.05; compared with AZA + si-NC group DU145 cells, ^d^P \<0.05.

DNMT3b is a Crucial Factor Affecting the Hypermethylation of *RUNX3* in PCa Cells {#S0003-S2004}
---------------------------------------------------------------------------------

The above results indicated that AZA could promote the expression of *RUNX3* through the demethylation of the *RUNX3* in PCa cells and inhibit the cell proliferation and promote the apoptosis, thus, AZA played a role of a demethylating agent by regulating the expression of DNA methylation transferase. Previous studies have found a significantly higher expression of DNMT3b in PCa in comparison with normal tissues.[@CIT0020] Therefore, we speculated that DNMT3b functions as a critical factor affecting the hypermethylation of the *RUNX3* in PCa cells. To verify this hypothesis, we conducted qRT-PCR and Western blot assays to measure the expression of *RUNX3* in PC3 and DU145 cells following transfection with siRNA that targeted the DNMT3b gene and with the overexpression plasmid. The results indicated that the mRNA and protein expression of *RUNX3* in the cells were significantly upregulated following DNMT3b knock out, while the mRNA and protein expression of *RUNX3* in the cells were significantly down-regulated after the overexpression of DNMT3b ([Figure 4A](#F0004){ref-type="fig"}--[D](#F0004){ref-type="fig"}). To further verify the molecular mechanism that DNMT3b affected the *RUNX3* expression through DNA modification, we performed MSP to detect the DNA methylation level of the P2 promoter region of the *RUNX3* after DNMT3b knock out and overexpression. The results demonstrated that the hypermethylation level of *RUNX3* in PC3 and DU145 cells was significantly suppressed following DNMT3b knock out, while the overexpression of DNMT3b could significantly promote the methylation level of the gene in the two cells ([Figure 4E](#F0004){ref-type="fig"}). Collectively, these findings indicated that DNMT3b could regulate the expression level of the *RUNX3* by altering the DNA methylation of the *RUNX3* in PCa cells.Figure 4DNA methylation transferase (DNMT3b) is a critical factor affecting the DNA methylation of Runt-related transcription factor 3 *(RUNX3)* in prostate cancer (PCa) cells. (**A** and **B**) The effect of the knockout or overexpression of DNMT3b in PC3 and DU145 cells on the expression of DNMT3b and RUNX3 mRNAs as detected by qRT-PCR; (**C** and **D**) the effect of the knockout or overexpression of DNMT3b in PC3 and DU145 cells on the protein expression of DNMT3b and RUNX3 as detected by Western blot assay; (**E**) the effect of the knockout or overexpression of DNMT3b in PC3 and DU145 cells on the methylation level of RUNX3 in PC3 and DU145 cells as detected by Methylation-specific PCR (MSP) test; compared with si-NC group PC3 cells, \*P \<0.05; compared with the Vector group PC3 cells, ^\#^P \<0.05; compared with the si-NC group DU145 cells, ^a^P \<0.05; compared with the Vector group DU145 cells, ^b^P \<0.05.

Discussion {#S0004}
==========

PCa is the most prevalent malignancy of the male genitourinary system, accounting for high morbidity and mortality, worldwide. Despite significant scientific breakthroughs and technological advancements, the statistics of PCa continue to increase compared to the preceding years as the pathogenesis of PCa remains an elusive concept.[@CIT0018]

DNA methylation has long been recognized as one of the hallmarks in cancer and represents an early event in carcinogenesis. Accumulating studies have confirmed hypermethylation of CpG islands in the promoter region of the tumor suppressor gene as in a variety of primary malignant tumors, suggesting that the methylation may function as an essential mechanism involved in the inactivation of tumor suppressor genes, eventually leading to tumorigenesis.[@CIT0019]

RUNX3 is a transcription factor that orchestrates various developmental and cellular processes including proliferation, apoptosis, and even in tumorigenesis. RUNX3 is rapidly receiving increasing prominence as it is frequently inactivated by epigenetic mechanisms and the inactivation of the RUNX3 was closely associated with the occurrence and development of diverse cancer types. Because RUNX3 is frequently hypermethylated, its inactivation is considered an early event in tumorigenesis. Furthermore, the DNA methylation rates of the promoter region of RUNX3 in gastric cancer tissues were significantly higher than that in normal control tissues, and the methylation level of RUNX3 was closely associated with the poor prognosis of patients with gastric cancer.[@CIT0010] The methylation level of RUNX3 is reported to be significantly high in a breast cancer patient with positive estrogen receptor expression. In addition, the proliferation, invasion, and migration of cells were significantly decreased following inhibition of the methylation of RUNX3 in tumor cells.[@CIT0012] In prostate cancer, some studies have identified significant hypermethylation of the RUNX3 in tumor tissues, which was associated with the significant under-expression of the RUNX3.[@CIT0015],[@CIT0016] Considering these pieces of evidence, we speculated that the aberrant methylation of the RUNX3 in PCa may be involved in the inactivation of the RUNX3 and the promotion of tumor progression.

To test this hypothesis, our study indicated that the methylation level of PCa cell line was significantly higher than that of normal prostate epithelial cells and AZA could restore RUNX3 expression in PCa cells in a concentration-dependent manner and reduce the methylation level of the promoter region of the RUNX3.

The down-regulation and the loss of function of the RUNX3 caused by the promoter methylation were associated with the occurrence of various tumors. The decreased expression of RUNX3 in the intestinal tumors weakened the inhibition of the Wnt signaling pathway, which leads to the up-regulation of cells cycle-related proteins Cyclin D1, c-Myc, CDK4, and in turn promoted the cell proliferation.[@CIT0020] Indeed, the increased expression of RUNX3 in gastric cancer cell lines could down-regulate Cyclin D1 expression and up-regulate the expression of Bax and Caspase-3/7/8 to induce apoptosis and eventually inhibit tumor growth and distant metastasis.[@CIT0021] Previous studies have indicated that promoter hypermethylation of the RUNX3 was noticeably related to the poor prognosis of patients with PCa; however, the underlying molecular mechanism is rarely reported. Thus, to explore whether the suppression of the methylation of the RUNX3 could inhibit the progression of PCa, we identified that AZA could promote the expression of Bax, Caspase-3, p21 protein and suppress the protein expression of Bcl-2 and CyclinD1 by restoring the expression of RUNX3, which markedly inhibited the proliferation of PCa cells, increased the ratio of cells in the G0/G1 phase, reduced the ratio of cells in the S phase and induced apoptosis. Overall, these findings suggested that following treatment with AZA treatment, the aberrant methylation of the RUNX3 was gradually reversed to increase the expression level of RUNX3 so as to exert the antitumor effect of the gene, which is consistent with its role in other tumors.

AZA, an inhibitor of DNMTs, can reduce the methyltransferase activity of the DNMTs through covalent binding, resulting in DNA hypomethylation, the activation of tumor suppressor genes in vivo or in vitro and restore the normal anticancer function.[@CIT0022]--[@CIT0024] DNMT3b is a member of the DNA methylation transferase family, which catalyzes the methylation of specific CpG sites on the DNA chain and maintains the original pattern of DNA methylation in a cell lineage to ensure the replication fidelity of epigenetic patterns, thus playing a critical role in the methylation process.[@CIT0025] Some pieces of the literature suggested that DNMT3b is an essential molecule that regulates the methylation of the *RUNX3* in colon cancer,[@CIT0025],[@CIT0026] and that DNMT3b expression was significantly increased in PCa.[@CIT0016],[@CIT0027] Previous studies have found the significantly higher expression of DNMT3b in PCa in comparison with normal tissues and were correlated with Gleason score, postoperative survival of patients with PCa, and tumor metastasis.[@CIT0028],[@CIT0029] Thus, to investigate the mechanism by which AZA up-regulates the RUNX3 expression in PCa, we constructed siRNA and cDNA clones targeting DNMT3b and transfected PCa cells, and the results demonstrated that the DNMT3b knockout in PCa cells could induce RUNX3 re-expression through a reduction in the methylation level; however, the increased expression of DNMT3b inhibited the expression of DNMT3b by increasing the methylation level of RUNX3. These results indicated that DNMT3b may function as a critical factor that alters the DNA methylation of the RUNX3 in PCa cells to regulate the expression level of RUNX3.

Conclusion {#S0005}
==========

The results of this investigation suggested that the reduced expression of RUNX3 in PCa was significantly associated with hypermethylation of CpG islands at the P2 promoter region of RUNX3. Furthermore, the treatment of PCa cells with AZA could restore the expression of RUNX3, and the reactivation of expression of the later exhibited anti-tumor effects through regulation of the cycle progression of PCa cells. Besides, DNMT3b may function as a critical epigenetic regulator that may alter the DNA methylation of RUNX3 in PCa cells. Taken together, the results of this study further clarified the contribution of epigenetic regulatory mechanism in the occurrence and development of prostate tumorigenesis and provided a theoretical basis and experimental findings for the development of RUNX3 as a novel putative molecular target gene for PCa therapy.
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